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The reaction of [Rh(μ-Cl)(cod)]2 with diimines, differing in their
steric and electronic properties, and with diphenylphosphine
oxide leads to the oxidative addition products, hydrido-
phosphinito-Rh(III) complexes {Rh(PPh2OH)(PPh2O)(NN)(H)Cl} (1),
stabilized by the formation of a hydrogen bonded phosphinous
acid-phosphinito quasi-chelate [(PO···HOP)-k2P]. Exchange of
hydride by chloride to afford {Rh(PPh2OH)(PPh2O)(NN)Cl2} (2)
occurs in hydrido complexes containing low steric hindrance
diimines and is inhibited for complexes containing encumbered
diimines. Complexes 1 react with BF3·OEt2 with exchange of the
acidic proton by BF2, and transformation of the quasi-chelating
PO···HOP into a chelating PO-BF2-OP ligand in {Rh
{(PPh2O)2BF2}(NN)(H)Cl} (3). The reaction of [Rh(μ-Cl)(nbd)]2 or
[Rh(acac)(nbd)] with diphenylphosphine oxide leads to coordi-
natively unsaturated nortricyclyl-phosphinito-Rh(III) complexes,
{Rh(PPh2OH)(PPh2O)(ntyl)(μ-Cl)}2 (4) or {Rh-
(PPh2OH)(PPh2O)(ntyl)(acac)} (6), respectively. Their reaction
with BF3·OEt2 results in the corresponding {Rh
{(PPh2O)2BF2}(ntyl)(μ-Cl)}2 (5) or {Rh{(PPh2O)2BF2}(ntyl)(acac)} (7).
Some of these new complexes have shown catalytic activity in
hydrophosphinylation of alkynes, with {Rh-
(PPh2OH)(PPh2O)(NN)(H)Cl} containing encumbered NN being
efficient and regioselective catalysts in the hydrophosphinyla-
tion of phenylacetylene with diphenylphosphine oxide to
produce (E)-diphenyl(styryl)phosphine oxide.
Introduction
Secondary phosphine oxides, air and moisture stable, exist as
two tautomers in equilibrium, the pentavalent R1R2P(=O)H (SPO)
and the trivalent phosphinous acid R1R2P(OH) (PA). The
transition metals O-coordination of SPOs or P-coordination of
PAs or their anion phosphinito (R1R2PO-), together with the
strong hydrogen bonded mixed system [R1R2PO···HOPR1R2],
afford versatile catalysts for a variety of reactions that nowadays
are well known.[1] For simple aromatic and aliphatic substituents
the tautomeric equilibrium favors the SPO form. Theoretical
studies on the tautomerism suggest a bimolecular mechanism
via P···H···O···P or mononuclear solvent-assisted hydrogen bond-
ing as most likely and metal atoms may favor the tautomeriza-
tion as consequence of PA coordination.[2] In the presence of
Ru(II) complexes, an easier tautomerism for Hn(OH)3-nP(O)
species has been proposed to occur via SPO O-coordination
followed by P  H oxidative addition and Ru  to  O hydrogen
transfer to afford P-coordinated PA species.[3] Among others, PA
complexes have proven efficient in processes such as nitrile
hydration to afford amides that may involve intramolecular
addition of the hydroxyl group of the PA ligand to the metal-
coordinated nitrile;[4] PA assisted C  H activation for arylation or
hydrocarbamoylation reactions,[5] or hydroformylation and
hydrogenation reactions with the latter ligand playing a role in
heterolytic splitting of hydrogen.[6] Recently SPOs have been
successfully used for nanoparticle stabilization showing efficient
catalytic activity.[7]
The hydrophosphinylation of alkynes using SPOs may lead
to the formation of vinylphosphine oxides important as bio-
logically active molecules, as additives or flame-retardants in
material science applications and as useful precursors for
asymmetric addition reactions.[8] In the nineties Tanaka et al.
developed the first efficient Pd-catalyzed regio- and stereo-
selective hydrophosphinylation of alkynes,[9] and subsequent
studies were reported on the efficient terminal alkynes hydro-
phosphinylation catalysed by several rhodium complexes.[10–11a]
More sustainable transition-metals such as nickel[12] and
copper[13] are also effective for H  P(O) additions to alkynes and
recently the corresponding radical promoted reactions assisted
by photoirradiation or radical initiators has been studied.[14] The
proposed mechanism for the production of vinylphosphorus
derivatives catalysed by rhodium compounds, shown in
Scheme 1,[8d,15] includes as first step an oxidative addition into
the Rh(I) complex leading to the formation of hydrido-
phosphinito-Rh(III) type compounds.
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The reaction of RhCl(PPh3)3 with phosphonates, P(OR)2(O)H,
allowed the isolation of the hydrido-phosphonate-Rh(III) com-
plex [RhH(Cl)(PPh3)2{(P(OR)2O)2H}], which was proposed as
intermediate in the hydrophosphorylation of alkynes and
provided experimental evidence for this oxidative addition
step.[15] Nevertheless, formation of analogous rhodium com-
plexes using secondary phosphine oxides appears unusual, as
rhodium(I) complexes react usually maintaining their oxidation
state. For example, the reaction of an excess of PPh2(O)H with
[Rh(μ-Cl)(cod)]2 (cod=1,5-cyclootadiene) resulted in the forma-
tion of the Rh(I) complex [RhCl(PPh2(OH))2(PPh2(O)H)2] and
(C2F5)2POH led to [Rh{(P(C2F5)2O)2H}(cod)].
[11] [Rh(μ-Cl)(CO)2]2
reacted with PMetBu(O)H to afford [RhCl(CO)(PMetBu(OH))2].
[16]
The reaction of PR2(O)H with [Rh(acac)(cod)] (acac=acetylacet-
onate) led to formation of the quasi-bidentate Rh(I) complex,
[Rh{(PR2O)2H}(cod)]
[17] and [Rh(cod)2]OTf afforded [Rh
{(PR2(OH))2OTf}(cod)].
[18] Only recently the oxidative addition of
PPh2(O)H to [RhTp(C2H4)(PHPh2)] (Tp=hydridotris(pyrazolyl)
borato) has been reported to afford [RhTp(H)(PHPh2)(POPh2)].
[19]
Oxidative addition of SPOs affording hydrides is well known for
Pt(0) or Pd(0) and less frequent for Ni(0) or Ir(I).[2b, 9, 12, 20] DFT
calculations indicate available transition states involving H  P(O)
or H  OP bond activation depending on the metal and/or the
SPO.[20]
Herein, we report on hydrido-diimine-Rh(III) compounds
containing the (Ph2PO···H···OPPh2)-k
2P system obtained through
oxidative addition of diphenylphosphine oxide at Rh(I) com-
plexes and on their reactivity towards hydride or proton
abstractors. This kind of hydrido-complexes could be intermedi-
ates in alkyne hydrophosphinylation reactions.
Results and Discussion
Synthesis of hydrido complexes
Reaction of [Rh(μ-Cl)(cod)]2 with 4 equivalents of diphenylphos-
phine oxide in the presence of 2 equivalents of 2,2’-bipyridine
(bipy, a in Scheme 2) in THF at room temperature yielded the
neutral hydrido-Rh(III) complex [Rh(Cl)H{(PPh2O)2H}(bipy)] (1a)
(Scheme 2). The formation of complex 1a can be explained by
oxidative addition of diphenyl phosphine oxide through [RhCl
(cod)(bipy)], formed upon addition of bipyridine to the starting
dimer rhodium(I) complex, with cod displacement. The resulting
phosphinito-hydrido-Rh(III) complex appears stabilized by for-
mation of a quasi-chelate ligand between the P-coordinated
phosphinite and a P-coordinated phosphinous acid. We believe
that the presence of the chelating heterocyclic N-donor ligand
coordinated to rhodium favors both the oxidative addition
reaction and the stability of the rhodium(III) complex. In the
absence of bipyridine the reaction of [Rh(μ-Cl)(cod)]2 with
diphenylphosphine oxide led to intractable mixtures of com-
plexes.
The characterization of 1a was performed in solution by
NMR spectroscopy and ESI-MS. The analytical data agree with
the proposed stoichiometry. A resonance in the high field
region of the 1H NMR spectrum of compound 1a is assigned to
the hydride resulting from the P–H activation by the metal
center. A doublet of triplets, due to coupling to two non-
equivalent phosphorus atoms and to rhodium as indicated by
1H NMR (δ=   13.96 (dt, JP-H=33, JRh-H= JP-H=17 Hz)) is ob-
served. The 1H NMR spectrum at room temperature shows also
the signals due to the bipyridine ligand coordinated to the
rhodium atom. Lowering the temperature down to   60 °C, the
1H NMR shows a sharp resonance at δ=16.59 indicating an
intramolecular hydrogen bond and formation of a quasi-chelate
containing the PO···HOP fragment, usually unobservable at
room temperature.[17] Accordingly, the 31P{1H} NMR spectrum
shows two doublets of doublets at 96.6 ppm (dd, JRh-P=134 Hz,
JP-P=31 Hz) and 90.0 (dd, JRh-P=127 Hz, JP-P=31 Hz) that
indicates two mutually cis non-equivalent phosphorus atoms.
For 1a ESI-MS shows a strong molecular ion at m/z=663.08,
which agrees with [RhH{(PPh2O)2H}(bipy)]
+ (calc. for [M  Cl]+
663.08) and suggests 1a to be a mononuclear hexacoordinated
18e species. The IR spectrum shows a band at 2081 cm  1 due to
ν(Rh  H), in the range expected for a hydride trans to
bipyridine[21] and a stretching at 1097 cm  1, in the ν(P=O)
range.[22] Compound 1a was also characterized by single crystal
X-ray structural determination (Figure 1). The geometry about
Scheme 1. Proposed catalytic cycle for the hydrophosphinylation of alkynes.
Scheme 2. Synthesis of complexes 1 a–h. In THF (1a–d) or in CH2Cl2 (1e–h).
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the Rh(III) center can be described as distorted octahedral with
the apical positions occupied by chloride and one of the
phosphorus atoms and the equatorial positions occupied by
the bipyridine ligand, the other phosphorus atom and the
hydride. In 1a the Rh  P bond distances are not significantly
different [Rh1  P1, 2.259(2) and Rh1  P2, 2.257(2) Å], whereas
the P  O bond distances are slightly different [P1  O1, 1.546(6)
and P2  O2, 1.572(6) Å], and fall in between the typical ranges
of a single and a double bond.[17,22] The O1···O2 distance of
2.445(8) Å reflects the existence of a strong PO···H–OP hydrogen
bond.[23] The Rh  N bond distances are significantly different
[(Rh1  N1, 2.175(8) and Rh1  N2, 2.125(6) Å] on account of the
higher trans influence of the hydride.
We have extended this study to the reactions of [Rh(μ-
Cl)(cod)]2 with PPh2(O)H in the presence of other heterocyclic
diimines (NN), namely dimethyl-2,2’-bipyridines (b–d) and
dimethyl- and/or diphenyl-substituted 1,10-phenanthrolines
(phen, e–h) shown in Scheme 2. The corresponding neutral
Rh(III) complexes [Rh(Cl)H{(PPh2O)2H}(NN)] (1b–1h) (Scheme 2)
were obtained in all cases and were characterized in solution by
NMR spectroscopy and ESI-MS. The 1H NMR spectra, showing
analogous features to those of 1a, reflected also the non-
equivalence of the two fragments of the NN-chelate. For
complexes 1a–1d, the resonance due to the hydride appears in
the   13.90 to   14.51 ppm range. The highest field value,
  14.51 ppm, corresponds to complex 1d (NN=6,6’-Me2-bipy),
suggesting a decreased donor strength of the bulky ligand in
this complex, most likely related to its steric hindrance. This
feature is also observed for complexes 1e–1h (  13.47 to
  14.11 ppm range for the hydride), with complex 1e, contain-
ing the most basic and encumbered ligand (NN=2,9-Me2-
phen), showing the hydride signal also at the highest field,
  14.11 ppm. The resonance due to the hydrogen bridge, at low
field, was observable only at low temperature (  60 °C). The 31P
{1H} NMR spectra show the expected signals due to two non-
equivalent phosphorus atoms mutually cis-coordinated. One of
these resonances appears in all complexes 1b–1 h as doublet of
doublet in the 98 to 92 ppm range. The signal due to the
second phosphorus atom appears in the 93 to 90 ppm range
for complexes 1b, 1c, 1g and 1h, while for complexes 1d, 1e
and 1f, containing the o-dimethyl-substituted ligands, the
corresponding resonance appears remarkably displaced to-
wards higher field, in the 78 to 72 ppm range, and may be
related to the steric hindrance of these ligands. The ESI-MS
obtained for compounds 1b-1h are in good agreement with
the proposed structures (see Sup. Info. for more details). The IR
spectra show a stretching in the ν(P=O) range, in the 1094 to
1098 cm  1 range. The band due to ν(Rh  H) appears as expected
for a rhodium-bonded hydride trans to bipyridine,[21] but for
complexes 1d and 1e, appearing at higher frequency, 2195 and
2166 cm  1, respectively. A correlation frequently observed in
transition metal hydrides[24] is thus found between δ(Rh  H) and
ν(Rh  H), which could indicate a lower σ-donor strength of the
bulkier ligands. Compound 1e was also characterized by single
crystal X-ray structural determination (Figure 2), confirming a
solid state structure of 1e in good agreement with that
proposed on spectroscopic grounds in solution. The coordina-
tion geometry for the Rh(III) center is pseudo octahedral, with
the hydride and a hydrogen bonded quasi-chelate ligand
consisting of a phosphinous acid and a phosphinito ligand
PO···HOP spanning one of the octahedron faces. The equal
Rh  P bond distances are as those observed in 1a, while the
difference between the P  O bond distances (P1  O1, 1.544(2);
P1  O2, 1.581(2) Å) is slightly larger than in 1a. The O  H bond
distances are also different, with the longer value associated to
the shorter P  O distance (O1···H2, 1.57 (7); O2  H2, 0.99 (5) Å).
The O1···O2 distance of 2.466(5) Å and the O1···H2  O2, 172(7)°
angle agree with the existence of a strong hydrogen bond. The
other octahedral face is occupied by the 2,9-Me2-phen ligand
and the chlorine.
The Rh  N bond distances are significantly different on
account of the higher trans influence of the hydride (Rh1  N1,
2.251(2); Rh1  N2, 2.141(2) Å). For the trans to hydride Rh1  N1
Figure 1. Molecular structure of 1a. Displacement ellipsoids are drawn at
50% probability level. Most of the hydrogen atoms and crystallization
solvent molecules have been omitted for clarity. Selected bond lengths (Å)
and angles (°): Rh1  Cl1, 2.435(2); Rh1  P1, 2.259(2); Rh1  P2, 2.257(2); P1  O1,
1.546(6); P2  O2, 1.573(6); O1  O2, 2.445(8); Rh1  N1, 2.175(8); Rh1  N2,
2.125(6); P1  Rh1  Cl1, 175.04(8); P1  Rh1  P2, 90.95(8).
Figure 2. Molecular structure of 1e. Displacement ellipsoids are drawn at
50% probability level. Most of hydrogen atoms and crystallization solvent
molecules have been omitted by clarity. Selected bond lengths (Å) and
angles (°): Rh1  Cl1, 2.453(1); Rh1  P1, 2.255(1); Rh1  P2, 2.259(1); Rh1  H1
1.48(6); P1  O1, 1.544(2); P2  O2, 1.581(2); O1  H2, 1.57(7); O2  H2, 0.99(5);
O1  O2, 2.466(5); Rh1  N1, 2.251(2); Rh1  N2, 2.141(2); P1  Rh1  Cl1, 177.81(5);
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distance, we observe a remarkable difference between this
complex 1e and complex 1a (Rh1  N1 of 2.175(8) Å). This longer
Rh1  N1 bond distance in 1e is in accordance with a lower σ-
donor strength of the ligand as suggested by δ(Rh  H) and
ν(Rh  H).
Exchange reactions in complexes 1
Some of these hydrido complexes 1 show catalytic activity in
hydrophosphinylation of phenylacetylene (vide infra) and this
prompted us to study hydride or proton exchange reactions to
gain insight into their relevance in the catalytic activity.
Complexes 1a-c and also complexes 1g–h undergo
exchange of hydride by chloride in chlorinated solvents to
afford complexes 2a–c and 2g-h as shown in Scheme 3. This
behavior has several precedents and exchange of hydride by
chloride in hydrido-chloride-rhodium(III) complexes containing
N-donor ligands has been frequently observed.[25] The quantita-
tive synthesis of complexes 2a–c and 2g–h was performed
stirring a CH2Cl2 or CHCl3 solution of the corresponding complex
1 during several days. At variance with this behavior, complexes
1d–f, containing the bulkiest NN ligands, 6,6’-Me2-bipy (d), 2,9-
Me2-phen (e) or 2,9-Me2-4,7-Ph2-phen (f), are stable in chlori-
nated solvents and fail to undergo the hydride/chloride
exchange reaction under analogous reaction conditions. We
believe this is due to steric hindrance of the methyl groups
inhibiting chloride approaching the rhodium atom. The neutral
complexes were characterized by NMR and IR spectroscopies
and ESI-MS. Single-crystal X-ray diffraction was performed on
complexes 2a and 2b. The IR spectra show a stretching in the
ν(P=O) range, in the 1095 to 1097 cm  1 range. The structures in
the solid state (Figure 3a for 2a and 3b for 2b) consist of a
Rh(III) centre in a pseudo-octahedral geometry. Two positions
of the equatorial plane are occupied by the bipy ligand. In trans
position to the corresponding nitrogen atoms a chlorine atom
and a phosphorus atom are located. Finally, the other chloride
and phosphorus atoms occupy the apical positions of the
octahedron. The Rh  N bond distances reflect the higher trans
influence of phosphorus compared to that of chloride, and the
Rh  P bond distances are slightly different. In both complexes
the quasi-chelate ligand bounded by a hydrogen bridge
PO···HOP between formally a phosphinous acid and a phosphin-
ite is observed. For complex 2a with slightly different P  O
bond distances (P1  O1, 1.532(3); P2  O2, 1.575(3) Å), O1···H01=
1.49(5) Å and O2  H01=0.97(5) Å are found. In complex 2b,
with closer P  O bond distances (P1  O1, 1.547(3); P2  O2,
1.558(3) Å), O1  H01=0.922(10) Å and O2···H01=1.479(11) Å
distances are observed. In both cases the O···O distance
(2.464(4) and 2.399(4) Å) and the O1  H01  O2 angle (171(4) and
175.94(29)°) reflect a strong hydrogen bond.
The characterization of compounds 2 in solution is in good
agreement with the structures obtained in the solid state. The
ESI-MS of compounds 2 agree with the corresponding [Rh(Cl)-
{(PPh2O)2H}(NN)]
+. The 1H and 13C{1H} NMR spectra show the
expected features. In the 31P{1H} NMR spectra, a significant shift
of the resonances towards higher fields is observed upon H/Cl
exchange. Complexes 2 show two doublets of doublets due to
two mutually cis phosphorus atoms in the 75–72 and 69–
68 ppm ranges. (see Sup. Info. for more details)
The bridging protons in the phosphinito-phosphinous acid
“quasi-chelate” can be readily substituted by BF2 giving
complexes containing a chelating [R2PO(BF2)OPR2] structure.
Such rhodium,[17, 26] iridium,[26a] palladium[27], platinum[28] and
nickel[29] complexes are known. The addition of an excess of
BF3·OEt2 to THF solutions of [Rh(Cl)H{(PPh2O)2H}(NN)] (1)
afforded compounds [Rh(Cl)H{(PPh2O)2BF2}(NN)] (NN=bipy, 3a;
2,9-Me2-phen, 3e), shown in Scheme 4.Scheme 3. Synthesis of complexes 2 a–c in CH2Cl2 and 2g–h in CHCl3.
Figure 3. a) Molecular structure of 2a. Displacement ellipsoids are drawn at
50% probability level. Most of hydrogen atoms and crystallization solvent
molecules have been omitted by clarity. Selected bond lengths (Å) and
angles (°): a) Rh1  Cl01, 2.4676(9); Rh1  Cl02, 2.3291(8); Rh1  N1, 2.077(3);
Rh1  N2, 2.132(3); Rh1  P1, 2.2845(9); Rh1  P2, 2.3097(9); P1  O1, 1.532(3);
P2  O2, 1.575(3); O1  H01, 1.49(5); O2  H01, 0.97(5); O1  O2, 2.464(4),
Cl1  Rh1  P1, 176.76(3); P1  Rh1  P2, 91.51(3). O1  H01  O2, 171(4). b) Molec-
ular structure of 2 b. Displacement ellipsoids are drawn at 50% probability
level. Most of hydrogen atoms and crystallization solvent molecules have
been omitted by clarity. Selected bond lengths (Å) and angles (°). b)
Rh1  Cl1, 2.3319(9); Rh1  Cl2, 2.4542(9); Rh1  N1, 2.124(3); Rh1  N2, 2.057(3);
Rh1  P1, 2.2877(9); Rh1  P2, 2.3208(9); P1  O1, 1.547(3); P2  O2, 1.558(3);
O1  H1, 0.922(10); O2  H1, 1.479(11); O1  O2, 2.399(4), P1  Rh1  Cl2, 177.43(3),
P1  Rh1  P2, 92.25(3); O1  H1  O2, 175.194(29).
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Complexes 3 were characterized in solution by NMR
spectroscopy and ESI-MS that agree with the proposed
structure. In the 1H NMR spectra the doublet of triplet due to
the hydride at   13.58 ppm for complex 3a, appears at lower
field than for 1a (  13.90 ppm). For 3e, with a hindered NN
ligand, the corresponding resonance at   14.79 ppm appears
displaced to higher field respect to 1e (  14.11 ppm). In the 31P
{1H} NMR spectra downfield shifts of 14 or 8 ppm, respectively
for the lower and higher field resonances are observed. In the
11B spectra, a single signal at 1.1 ppm agrees with a PO  BF2  OP
Rh-chelate. Finally, the 19F spectra show two signals at   131.1
(bd, JF-F=69 Hz) and   133.9 (bd, JF-F=70 Hz) that agree with
two diastereotopic fluorine atoms.[30] In the IR spectrum of 3e
the ν(Rh  H) stretching appears at remarkable high frequency,
2213 cm  1, in accordance with the high field δ(Rh  H).
Determination of the solid-state structure of compound 3a
was also possible using X-ray diffraction. The resulting structure
agrees with that deduced from the spectroscopic data in
solution (Figure 4). The Rh(III) center sits in a distorted
octahedral geometry. The new PO  BF2  OP ligand is coordi-
nated as bidentate via the two PPh2 moieties (Rh1  P1, 2.233(2);
Rh1  P2, 2.249(1) Å) to form a six-membered ring chelate. The
P–O bond distances are equally long in 3a, P1  O1, 1.570(4) Å
and P2  O2, 1.574(5) Å. As reported for related Pt(II)
complexes,[28c] replacing of the hydrogen bond in 1a by BF2 is
not reflected by a substantial lengthening of the P  O bonds.
The chloride and a nitrogen atom (N2) of the bipy are located
trans to the phosphorus atoms. The remaining two positions
are occupied by mutually trans hydride and nitrogen (N1)
atoms.
Synthesis of alkyl complexes
The formation of the hydrido-phosphinito rhodium(III) com-
plexes 1 occurs with displacement of 1,5-cyclooctadiene,
present in the starting material. Very recently, the reaction of
[Rh(C2H4)2Tp] with PPh2(O)H has been reported to afford a
mixture of hydrido-phosphinito and ethyl-phosphinito rhodium
(III) derivatives.[19] We thought interesting to study the reactivity
of the norbornadiene (nbd) complex [Rh(μ-Cl)(nbd)]2 with
PPh2(O)H because rhodium(I) coordinated norbornadiene is well
known to insert into Rh(III)  H bonds formed by X  H oxidative
addition (X=C, N, B) on [Rh(μ-Cl)(nbd)]2 to selectively afford
norbornenyl or nortricyclyl derivatives, both in the absence or
presence of N- or P-donor ligands.[31]
The reaction of [Rh(μ-Cl)(nbd)]2 with 4 equivalents of
diphenylphosphine oxide in CHCl3 afforded the neutral dimer
unsaturated complex [Rh(μ-Cl){(PPh2O)2H}(ntyl)]2 (4) (ntyl=C7H9,
nortricyclyl), extremely insoluble in most solvents, shown in
Scheme 5. Presumably complex 4 is formed by oxidative
addition of a SPO to rhodium assisted by the formation of the
coordinated quasi-chelate fragment PO···HOP, subsequent in-
sertion of norbornadiene into the formed Rh  H bond to afford
a coordinated σ-norbornenyl and double bond shift with ring
closure of the norbornenyl ligand to give the thermodynami-
cally favoured nortricyclyl ligand.[32] Experimental evidence
supporting this path could be obtained by following the
reaction of [Rh(μ-Cl)(nbd)]2 with only 2 equivalents of diphenyl-
phosphine oxide in CDCl3 by NMR that allowed identification of
dinuclear mixed-valent Rh(I)/Rh(III) complexes. Sequential oxida-
tive addition of Si  H to [Rh(μ-Cl)(cod)]2 has been reported to
afford dinuclear mixed-valent Rh(I)/Rh(III) intermediates and
final dinuclear Rh(III) species.[33] In the present case, at initial
reaction times the formation of [(nbd)Rh(μ-Cl)2Rh{(PPh2O)2H}(σ-
nbyl)] (I1) (nbyl=σ-C7H9, norbornenyl) was observed that trans-
formed into [(nbd)Rh(μ-Cl)2Rh{(PPh2O)2H}(ntyl)] (I2), which un-
Scheme 4. Reactivity of compounds 1 with BF3 ·OEt2. Synthesis of complex
3a in THF and 3 e in CH2Cl2.
Figure 4. Molecular structure of 3a. Displacement ellipsoids are drawn at
50% probability level. Most of hydrogen atoms and crystallization solvent
molecules have been omitted by clarity. Selected bond lengths (Å) and
angles (°): Rh1  H01, 1.398(10); Rh1  Cl1, 2.433(2); Rh1  N1, 2.196(5); Rh1  N2,
2.136(4); Rh1  P1, 2.233(2); Rh1  P2, 2.249(1); P1  O1, 1.570(4); P2  O2,
1.574(5); O1  B1, 1.465(8); O2  B1, 1.479(9); F1  B1, 1.394(8); F2  B1, 1.378(8);
P1  Rh1  Cl1, 170.88(6), P1  Rh1  P2, 89.58(6); F2  B1  F1, 110.1(5), O1  B1  O2,
111.9(5), F2  B1  O1, 108.6(5), F1  B1  O2, 109.9(5). Scheme 5. Synthesis of complexes 4 and 5.
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fortunately could not be obtained due to decomposition. (see
Sup. Info. for more details).
The characterization of 4 was performed in solution by NMR
spectroscopy and ESI-MS. The analytical data agree with the
proposed stoichiometry. The 1H NMR spectrum at room temper-
ature shows the signals that correspond to the nortricyclyl
fragment in the 2.1–0.8 ppm range and the 31P{1H} NMR
spectrum shows four signals, which are doublet of doublets in
the 87–82 ppm range, with JRh-P=151–161 Hz and JP-P=30 Hz,
due to two non-equivalent phosphorus atom pairs, bonded to
the metal centers mutually cis. For 4 ESI-MS shows a molecular
ion at m/z=633.04 that agrees with [Rh(PPh2O)2(ntyl)Cl]
+ (calc.
for [M/2  H]+ 633.87) and suggests five-coordinated rhodium
atoms in 4.
As in our hydrido-phosphinito mononuclear species 1 (vide
supra), complex 4 reacts with BF3·OEt2 to afford the dinuclear
species 5, containing the chelating {(PPh2O)2BF2} ligand, show-
ing the expected spectroscopic features. The four 31P{1H} NMR
resonances appear in 5 also as doublet of doublets, in the 100–
94 ppm range with JRh-P=156–160 Hz and JP-P=33 Hz, at slightly
lower field than the parent compound 4. Determination of the
solid-state structure of 5 was also possible using X-ray
diffraction (Figure 5).
In the solid state, 5 consists of two rhodium atoms bridged
by two chlorine atoms. The geometry around each rhodium
atom is pseudo square-planar pyramidal. The apical position is
occupied by a nortricyclyl ligand. All the carbon-carbon
distances in the nortricyclyl group agree with single bond
distances. Two positions of the base of the pyramid are
occupied by the bridging chlorido ligands (Cl1 and Cl1’) in trans
position to phosphorus atoms (P1 and P2). The bridging Rh  Cl
distances (Rh1  Cl1, 2.4630(9); Rh1  Cl1’, 2.4587(8) Å) are slightly
longer than that observed in mononuclear complex 3a. The
Rh1···Rh1’ distance of 3.733 Å excludes any significant metal
interaction. The last two positions forming the base of the
pyramid are occupied by P1 and P2, the sum of the angles
involving P1, P2, Cl1 and Cl1’ around the rhodium atom of
357.9 ° agreeing with the proposed structure. The two
phosphorus atoms form a new PO  BF2  OP ligand, which is
coordinated as bidentate via the two PPh2 moieties (Rh1  P1,
2.2174(9); Rh1  P2, 2.2272(11) Å) to form a six-membered ring
chelate. The P  O bond distances are equal.
Diphenylphosphine oxide also reacts with [Rh(acac)(nbd)],
which undergoes the oxidative addition reaction followed by
olefin insertion into the Rh  H bond and C  C bond coupling to
afford the five-coordinated nortricyclyl-phosphinito-rhodium(III)
derivative with quasi-chelating ligand [Rh(acac)(ntyl){(PPh2O)2H}]
(6) (see Scheme 6). This behavior contrasts with that reported
for [Rh(acac)(cod)], where displacement of acetylacetone occurs,
to afford a rhodium(I) [Rh(cod){(PPh2O)2H}] derivative.
[17] Com-
plex 6 also reacts with BF3·OEt2 to give the corresponding
[Rh(acac)(ntyl){(PPh2O)2BF2}] (7), with chelating diphosphine
shown in Scheme 6.
Complexes 6 and 7 have been characterized in solution by
NMR spectroscopy. In both complexes the 1H NMR spectra
show the expected resonances due to the nortricyclyl and
acetylacetonate ligands. In complex 6, detection of the O···H···O
bridge as a singlet at 16.30 ppm requires temperatures lower
than 223 K and 11B and 19F NMR confirm the presence of the BF2
fragment in complex 7. The 31P{1H} NMR spectra show two
doublets of doublets in both cases, due to non-equivalent
phosphorus atoms, with chemical shifts at lower field for
complex 7 (96 to 99 ppm range) than for complex 6 (84 to
87 ppm range) and similar JRh-P coupling constants (153 and
157 Hz for 6 and 7, respectively).
X-ray diffraction studies on suitable crystals (Figure 6)
confirm the five-coordinated structures shown in Scheme 6. In
complexes 6 and 7, the geometry about the Rh(III) center can
be described as a distorted square-planar pyramid with the
apical position occupied by C1 of the nortricyclyl ligand
(Rh1  C1 2.045(15) Å for 6; 2.01(2) Å for 7). The base of the
pyramid is occupied by the two phosphorus atoms (P1 and P2)
and the acetylacetonate ligand (O3 and O4) in both cases. In
compounds 6 and 7, the rhodium atom being included in the
P1P2O3O4 plane, the sum of the four angles (P1  Rh1  P2,
P1  Rh1  O4, O4  Rh1  O3 and O3  Rh1  P2) being almost 360°
(6, 358.3°; 7, 358.5°) suggests this geometry. In complex 6 the
two phosphorus atoms (P1 and P2) form part of a hydrogen
bonded quasi-chelate ligand consisting of a phosphinous acid
and a phosphinito ligand PO···HOP. The O1···O2 distance of
2.43(2) Å agrees with the existence of a strong hydrogen bond.
Both the P  O and also the Rh  P bond distances are equal. On
the other hand, the two phosphorus atoms of complex 7 (P1
and P2) form a new P(O)  BF2  (O)P ligand, as is already the case
Figure 5. Molecular structure of 5. Displacement ellipsoids are drawn at 50%
probability level. Hydrogen atoms and crystallization solvent molecules have
been omitted by clarity. Selected bond lengths (Å) and angles (°): Rh1  Cl1,
2.4630(9); Rh1  Cl1’, 2.4587(8); Rh1  C1, 2.1116(6); Rh1  P1, 2.2174(9); Rh1  P2,
2.2272(11); P1  O1, 1.560(3); P2  O2, 1.561(2); O1  B1, 1.382(5); O2  B1,
1.465(5); F1  B1, 1.388(4); F2  B1, 1.382(4); P1  Rh1  P2, 87.12(4); P1  Rh1  Cl1,
94.47(3); P2  Rh1  Cl1’, 95.05(3); Cl1  Rh1  Cl1’, 81.33(3); F2  B1  F1, 109.2(3),
O1  B1  O2, 113.3(3). Scheme 6. Synthesis of complexes 6 and 7.
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for compounds 3a and 5. This new ligand is coordinated to the
metal center as bidentate via the two PPh2 moieties (Rh1  P1
2.2214(8) Å and 2.2318(8) Å) to form a six-membered ring
chelate. The P  O bond distances, with values in between the
typical range of a single and a double bond, are equally long in
7, P1  O1, 1.5659(17) Å and P2  O2, 1.5687(17) Å. Exchange of
O···H···O by O  BF2  O is reflected in a smaller P  Rh  P bite angle,




We have studied the behavior of our diphenylphosphine oxide
Rh(III) derivatives, including hydrido-phosphinous acid-phosphi-
nito-rhodium(III) complexes, as precatalysts in the hydrophos-
phinylation of phenylacetylene. Hydrido-phosphinito-rhodium
(III) complexes have been proposed as intermediates in hydro-
phosphinylation of alkynes using SPOs catalyzed by rhodium(I)
complexes.[10, 11a] These reactions are less efficient when using
phenylacetylenes than when using alkylacetylenes. Phenylace-
tylenes may undergo competitive polymerization reactions
more easily.[11a, 34] Our catalytic experiments were carried out
under previously reported reaction conditions,[10, 11a] using
3 mol% of precatalyst (1.5 mol% when using complex 4) in
toluene at 80 °C and the results have been included in Table 1.
Regarding the bipy and Me2-bipy rhodium complexes 1a–
1d, we find that while rhodium(III) complexes 1a–1c are unable
to catalyze the hydrophosphinylation reaction (Table 1, en-
tries 1–3), complex 1d reached complete conversion with a
100% selectivity for the (E)-diphenyl(styryl)phosphine oxide
(Table 1, entry 4). This fact suggests that in these complexes the
steric hindrance provided by the coordinated N-donor ligand in
1d is required for the hydrophosphinylation reaction to occur.
In a similar fashion, when using 1,10-phenanthroline complexes
1e-1h, the catalytic results are in accordance with those
obtained for the 1a–1d complexes. Rhodium(III) complexes
with encumbered 2,9-Me2-phen ligands, compounds 1e and 1f,
are able to catalyse the hydrophosphinylation of phenylacety-
lene with a conversion of 74% when 1e is used as precatalyst
(Table 1, entry 5) and 93% when 1f is used (Table 1, entry 6).
When using these complexes as precatalysts a high selectivity
for the formation of the (E)-diphenyl(styryl)phosphine oxide,
85% or 90% for 1e or 1f respectively, is obtained (Table 1,
entries 5 and 6). On the other hand, complexes 1g and 1h are
ineffective as pre-catalysts of the studied reaction (Table 1,
entries 7 and 8).
The results obtained when using complexes 1 thus indicate
that those hydrido complexes unable to undergo the hydride/
chloride exchange are effective catalysts, while those complexes
undergoing the hydride/chloride exchange are ineffective as
catalysts. This correlation suggests that, as previously proposed,
hydrido rhodium derivatives are required intermediates. Ac-
cording to this, complex 2a of the dichloride type is unable to
catalyze this reaction (Table 1, entry 9). These results prompt us
to conclude that, most likely, complexes containing diimine
ligands with lower steric hindrance (compounds 1a, 1b, 1c, 1g
and 1h) undergo, under our reaction conditions, a deactivation
of the catalyst that can be related to loss of hydride due to
hydride/chloride exchange. Bidentate N-donors such as ethyl-
enediamine have been used as auxiliary ligands to promote the
hydrophosphinylation of phenylacetylene with PPh2(O)H using
CuI (10 mol%) in DMSO at 60 °C. (E)-diphenyl(styryl)phosphine
oxide was obtained with >90% yield and >95% regio- and
stereoselectivity.[13] High yields and selectivities were also
obtained at room temperature using [Ni(PPh2Me)4] (0.5 mol%)
in EtOH[12] or [RhBr(PPh3)3] (3 mol%) in toluene,
[10] or at 70 °C
using [Pd(PPh3)4] (5 mol%) in benzene.
[9]
Figure 6. a) Molecular structure of 6. Displacement ellipsoids are drawn at
50% probability level. Most of hydrogen atoms and crystallization solvent
molecules have been omitted by clarity. Selected bond lengths (Å) and
angles (°): Rh1  O3, 2.098(8); Rh1  O4, 2.809(8); Rh1  P1, 2.248(3); Rh1  P2,
2.250(3); Rh1  C1, 2.045(15); P1  O1, 1.550(9); P2  O2, 1.560(8); O1 · · · (H)O2,
2.43(2); P1  Rh1  P2, 90.8(1); P1  Rh1  O4, 92.1(2); P2  Rh1  O3, 87.9(3);
O3  Rh1  O4, 87.5(3); b) Molecular structure of 7. Displacement ellipsoids are
drawn at 50% probability level. Hydrogen atoms and crystallization solvent
molecules have been omitted by clarity. Selected bond lengths (Å) and
angles (°): Rh1  C1, 2.01(2); Rh1  P1, 2.2214(8); Rh1  P2, 2.2318(8); P1  O1,
1.5659(17); P2  O2, 1.5687(17); O1  B1, 1.455(3); O2  B1, 1.476(3); F1  B1,
1.375(4); F2  B1, 1.349(4); P1  Rh1  P2, 86.07(3); P1  Rh1  O4, 91.30(5);
P2  Rh1  O3, 93.33(5); O3  Rh1  O4, 87.77(7); F2  B1  F1, 108.9(3), O1  B1  O2,
113.1(2).
Table 1. Hydrophosphinylation of phenylacetylene.[a]
Entry Catalyst Conv. [%][b] trans:cis
1 1a – –
2 1b – –
3 1c – –
4 1d 100 100 :0
5 1e 74 85 :15
6 1f 93 90 :10
7 1g – –
8 1h – –
9 2a – –
10 3e 4 100 :0
11 4 55 100 :0
12 6 – –
[a] Reaction conditions: phenylacetylene (0.074 mmol) and Ph2P(O)H
(0.074 mmol) with 3 mol% of [Rh] (0.0022 mmol) in 1 mL of toluene at
80 °C. [b] Conversions determined by 1H NMR using dichloroethane as
internal standard (added at the end of the reaction). [c] Trans/cis ratio
determined by 1H NMR.
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Finally, we tested a complex containing the chelating
Ph2PO-BF2-OPPh2 ligand. The 2,9-Me2-phen complex 3e exhibits
a very low catalytic activity (4%) towards the hydrophosphiny-
lation of phenylacetylene (Table 1, entry 10) showing that
exchange of the hydrogen bond in the quasi-chelate
Ph2PO···H  OPPh2 by BF2 drastically inhibits the catalytic activity.
This may be due, among others, to the acidic proton sited in
the quasi-chelate derivative playing an important role in the
reaction mechanism and/or to the requirement of a coordina-
tion vacancy, which could be easier for the quasi-chelate
complex than for the chelate complex.
Related to the requirement of coordination vacancies in the
precatalyst, coordinatively unsaturated nortricyclyl-diphenyl-
phosphinous acid-phosphinito containing complexes 4 and 6
have also been tested in the hydrophosphinylation of phenyl-
acetylene. Complex 4, an alkyl-chloride derivative, catalyzes this
reaction with a 100% selectivity for the (E)-diphenyl(styryl)
phosphine oxide (Table 1, entry 11) though with lower activity
than the hydrido-chloride-diimine complexes. On the other
hand, the alkyl-acetyacetonate derivative 6 is completely
inactive under our reaction conditions. Therefore substitution of
bridging chlorides by the chelating anionic O-donor inhibits the
catalytic reaction. We thus find that the chloride-hydrido-
rhodium(III) complexes, stabilized by diimine ligands, appear
optimal for the hydrophosphinylation of phenylacetylenes.
Conclusions
Diolefinic rhodium(I) complexes undergo the oxidative addition
of SPOs, assisted by the formation of hydrogen bonded
phosphinous acid-phosphinito (Ph2PO···H···OPPh2)-k
2P quasi-
chelates, to afford hydrido-rhodium(III) complexes. Sterically
encumbered diimine ligands stabilize the hydride complexes
towards the hydride/chloride exchange. Norbornadiene com-
plexes undergo subsequent olefin insertion into the Rh  H bond
and rearrangement to afford nortricyclyl derivatives. The hydro-
gen bond in the coordinated quasi-chelate exchanges with BF2
to give bidentate (Ph2PO  BF2  OPPh2)-k
2P. Hydrido-chloride-
diimine-rhodium(III) complexes are efficient and regioselective
catalysts in the hydrophosphinylation of phenylacetylene with
diphenylphosphine oxide to produce (E)-diphenyl(styryl)
phosphine oxide. The catalytic activity of alkyl-chloride-Rh(III) is
lower than that of hydrido-chloride-diimine derivatives. Sub-
stitution of the acidic proton in the quasi-chelate by BF2 and of
chloride by acetylacetonate inhibits the catalytic activity.
Experimental Section
The preparation of the metal complexes was carried out at room
temperature under nitrogen by standard Schlenk techniques. Solid
compounds were kept in a desiccator containing CaCl2 under air.
CH2Cl2 was distilled from CaH2, and THF and toluene were distilled
from Na, degassed by successive freeze-pump-thaw cycles and
stored over molecular sieves (3 Å). Complexes [RhCl(cod)]2 and
[RhCl(nbd)]2
[35] were prepared as previously reported. [Rh-
(acac)(nbd)], diphenylphosphine oxide, bipyridines, phenanthro-
lines, phenylacetylene and BF3·OEt2 were purchased from Aldrich
and used without previous purification. Microanalyses were carried
out with a Leco Truspec Micro microanalyzer. IR spectra were
recorded with a Nicolet FTIR 510 spectrophotometer in the range
4000–400 cm  1 using KBr pellets. NMR spectra were recorded with
Bruker Avance DPX 300, Bruker Avance 400 or Bruker Avance 500
spectrometers at room temperature unless otherwise stated; 1H and
13C{1H} (residual solvent signals), 31P{1H} (H3PO4 external standard),
11B (BF3·OEt2 external standard) and
19F NMR (CF3COOH external
standard) spectra were measured from CDCl3, CD2Cl2, or DMSO-d6
solutions. ESI-MS were recorded on a Bruker MicrOTOF-Q instru-
ment. In all ESI-MS spectra there was a good fit to both the
principal molecular ion and the overall isotopic distribution.
Preparation of complexes 1a–1d. To a Schlenk charged with [RhCl
(cod)]2 (50 mg, 0.101 mmol) in THF (5 mL), 2 equivalents of
bipyridine (2,2’-bipyridine, 32 mg, 0.202 mmol; 4,4’-Me2-2,2’-bipyr-
idine, 37.5 mg, 0.202 mmol; 5,5’-Me2-2,2’-bipyridine, 37.5 mg,
0.202 mmol; 6,6’-Me2-2,2’-bipyridine, 37.5 mg, 0.202 mmol) were
added and stirred for 15 minutes. After this time, 4 equivalents of
diphenylphosphine oxide (82 mg, 0.404 mmol) were added to this
mixture. The mixture was stirred for 1 hour and a white solid is
formed. This white solid is extracted from the reaction mixture and
dried under vacuum. Yield of 1a 130 mg (92%). Yield of 1b 115 mg
(78%). Yield of 1c 102 mg (69%). Yield of 1d 100 mg (80%).
1a: 1H NMR (400 MHz, DMSO-d6): δ 8.93–6.32 (28 Haromatics),   13.96
(dt, JP-H=33, JRh-H= JP-H=17 Hz, 1H, Rh  H).
31P{1H} NMR (162 MHz,
DMSO-d6): δ 96.6 (dd, JRh-P=134 Hz, JP-P=31 Hz), 90.0 (dd, JRh-P=
127 Hz, JP-P=31 Hz).
13C{1H} NMR (101 MHz, DMSO-d6): δ 155.0–
123.7 (34 Caromatics). Microanalysis (RhC34H30N2P2O2Cl) Requires: C
58.43, H 4.33, N 4.01. Obtained: C 58.05, H 4.59, N 4.21. ESI-MS
(CH3CN): calc. for [Rh(H)(PPh2OH)(PPh2O)(2,2’-bipy)]
+, [M  Cl]+ :
663.08. Found: 663.08. IR (KBr, cm  1): 2081 (s), ν(Rh  H); 1097 (s),
ν(P  O)/ν(P=O).
1b: 1H NMR (400 MHz, CD2Cl2): δ 8.54–6.45 (26 Haromatics), 2.36 (s, 3H,
CH3 bipy), 2.25 (s, 3H, CH3 bipy),   13.90 (dt, JP-H=33, JRh-H= JP-H=
17 Hz, 1H Rh  H). 31P{1H} NMR (162 MHz, CD2Cl2): δ 97.2 (dd, JRh-P=
135 Hz, JP-P=31 Hz), 92.6 (dd, JRh-P=128 Hz, JP-P 31 Hz). Micro-
analysis (RhC36H34N2P2O2Cl): Requires: C 59.48, H 4.71, N 3.85.
Obtained: C 59.23, H 4.58, N 3.55. ESI-MS (CH3CN): calc. for [RhH
(PPh2OH)(PPh2O)(4,4’-Me2-2,2’-bipy)]
+, [M  Cl]+ : 691.53. Found:
691.11. IR (KBr, cm  1): 2115 (s), ν(Rh  H); 1098 (s), ν(P  O)/ν(P=O).
1c: 1H NMR (400 MHz, CD2Cl2): δ 8.45–6.65 (26 Haromatics), 2.23 (s, 3H,
CH3 bipy), 1.82 (s, 3H, CH3 bipy),   14.12 (dt, JP-H=33, JRh-H= JP-H=
17 Hz, 1H Rh  H). 31P{1H} NMR (162 MHz, CD2Cl2): δ 95.3 (dd, JRh-P=
134 Hz, JP-P=29 Hz), 92.1 (dd, JRh-P=127 Hz, JP-P=29 Hz). Micro-
analysis (RhC36H34N2P2O2Cl): Requires: C 59.48, H 4.71, N 3.85.
Obtained: C 59.01, H 4.65, N 3.43. IR (KBr, cm  1): 2059 (s), ν(Rh  H);
1096 (s), ν(P  O)/ν(P=O).
1d: 1H NMR (400 MHz, CD2Cl2): δ 8.26–6.65 (26 Haromatics), 2.65 (s, 3H,
CH3 bipy), 2.56 (s, 3H, CH3 bipy),   14.51 (dt, JP-H=33, JRh-H= JP-H=
17 Hz, 1H Rh  H). 31P{1H} NMR (162 MHz, CD2Cl2): δ 95.1 (dd, JRh-P=
134 Hz, JP-P=32 Hz), 77.9 (dd, JRh-P=130 Hz, JP-P=32 Hz).
13C{1H}
NMR (101 MHz, CDCl3): δ 162.2-120.8 (34 Caromatics), 30.6 (s, CH3 bipy),
29.0 (d, J=4 Hz, CH3 bipy). Microanalysis (RhC36H34N2P2O2Cl):
Requires: C 59.48, H 4.71, N 3.85. Obtained C 59.19, H 4.47, N 3.71.
IR (KBr, cm  1): 2195 (s), ν(Rh  H); 1094 (s), ν(P  O)/ν(P=O).
Preparation of complexes 1e–1h. To a Schlenk charged with [RhCl
(cod)]2 (20 mg, 0.041 mmol), 2 equivalents of phenanthroline (2,9-
Me2-1,10-phenanthroline, 17 mg, 0.081 mmol; 2,9-Me2-4,7-Ph2-1,10-
phenanthroline, 29 mg, 0.081 mmol; 5,6-Me2-1,10-phenanthroline,
17 mg, 0.081 mmol; 4,7-Ph2-1,10-phenanthroline, 27 mg,
0.081 mmol) and 4 equivalents of diphenylphosphine oxide (33 mg,
0.162 mmol), 5 mL of CH2Cl2 were added. The yellow solution
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formed was stirred for 24 hour and concentrated under vacuum.
Addition of 20 mL of pentane gave a yellow precipitate that was
dried under vacuum. Yield of 1e 40 mg (66%). Yield of 1f 47 mg
(65%). Yield of 1g 53 mg (87%). Yield of 1h 56 mg (80%).
1e: 1H NMR (500 MHz, CD2Cl2): δ 8.37–6.34 (32 Haromatics), 2.96 (s, 3H,
CH3 phen), 2.82 (s, 3H, CH3 phen),   14.11 (dt, JP-H=38 Hz, JRh-H=
JP-H=15 Hz, 1H Rh  H).
31P{1H} NMR (202 MHz, CD2Cl2): δ 96.0 (dd,
JRh-P=133 Hz, JP-P=33 Hz), 78.1 (dd, JRh-P=130 Hz, JP-P=33 Hz).
13C
{1H} NMR (126 MHz, CD2Cl2): δ 163.0–126.0 (36 Caromatics), 31.4 (d, J=
2 Hz, CH3 phen), 30.0 (d, J=4 Hz, CH3 phen). Microanalysis
(RhC38H34N2P2O2Cl · 0.5CH2Cl2): Requires: C 58.28, H 4.45, N 3.53.
Obtained: C 58.64, H 4.40, N 3.46. ESI-MS (CH3CN): calc. for [RhH
(PPh2OH)(PPh2O)(2,9-Me2-1,10-phen)]
+, [M  Cl]+ : 715.55. Found:
715.11. IR (KBr, cm  1): 2166 (s), ν(Rh  H); 1098 (s), ν(P  O)/ν(P=O).
1f: 1H NMR (400 MHz, CD2Cl2): δ 8.40–6.40 (40 Haromatics), 3.11 (s, 3H,
CH3 phen), 2.95 (s, 3H, CH3 phen),   13.85 (dt, JP-H=38 Hz, JRh-H=
JP-H=13 Hz, 1H Rh  H).
31P{1H} NMR (162 MHz, CD2Cl2): δ 92.5 (dd,
JRh-P=132 Hz, JP-P=34 Hz), 72.0 (dd, JRh-P=129 Hz, JP-P=34 Hz).
13C
{1H} NMR (101 MHz, CD2Cl2): δ 162.3–123.5 (48 Caromatics), 31.9 (s, CH3
phen), 30.4 (d, J=5 Hz, CH3 phen). Microanalysis (RhC50H42N2P2O2Cl):
Requires: C 66.49, H 4.69, N 3.10. Obtained: C 66.44, H 4.68, N 3.25.
ESI-MS (CH3CN): calc. for [RhH(PPh2OH)(PPh2O)(2,9-Me2-4,7-Ph2-1,10-
phen)]+, [M  Cl]+ : 867.75. Found: 867.17. IR (KBr, cm  1): 2138 (s),
ν(Rh  H); 1097 (s), ν(P  O)/ν(P=O).
1g: 1H NMR (400 MHz, CD2Cl2): δ 9.08–6.12 (26 Haromatics), 2.65 (s, 3H,
CH3 phen), 2.62 (s, 3H, CH3 phen),   13.67 (dt, JP-H=32 Hz, JRh-H=
JP-H=17 Hz, 1H Rh  H).
31P{1H} NMR (162 MHz, CD2Cl2): δ 97.5 (dd,
JRh-P=134 Hz, JP-P=31 Hz), 91.3 (dd, JRh-P=127 Hz, JP-P=31 Hz).
13C
{1H} NMR (101 MHz, CD2Cl2): δ 153.0–124.2 (36 Caromatics), 15.5 (s, CH3
phen), 15.4 (s, CH3 phen). Microanalysis (RhC38H34N2P2O2Cl): Re-
quired: C 60.77, H 4.56, N 3.73. Obtained: C 60.81, H 4.46, N 3.48.
ESI-MS (CH3CN): calc. for [RhNa(PPh2OH)(PPh2O)(5,6-Me2-1,10-
phen)]+, [M  Cl]+ : 737.54. Found: 737.10. IR (KBr, cm  1): 2091 (s),
ν(Rh  H); 1098 (s), ν(P  O)/ν(P=O).
1h: 1H NMR (400 MHz, CD2Cl2): δ 9.30–6.17 (36 Haromatics),   13.47 (dt,
JP-H=32 Hz, JRh-H= JP-H=16 Hz, 1H Rh  H).
31P{1H} NMR (162 MHz,
CD2Cl2): δ 98.1 (dd, JRh-P=134 Hz, JP-P=31 Hz), 91.3 (dd, JRh-P=
127 Hz, JP-P=31 Hz).
13C{1H} NMR (101 MHz, CD2Cl2): δ 153.9–125.2
(48 Caromatics). Microanalysis (RhC48H38N2P2O2Cl): Requires: C 65.88, H
4.38, N 3.20. Obtained: C 65.54, H 4.27, N 3.13. ESI-MS (CH3CN): calc.
for [RhH(PPh2OH)(PPh2O)(4,7-Ph2-1,10-phen)]
+, [M  Cl]+ : 839.70.
Found: 839.15. IR (KBr, cm  1): 2076 (s), ν(Rh  H); 1098 (s), ν(P  O)/
ν(P=O).
Preparation of complexes 2a-2c. To a Schlenk charged with the
hydrido-phosphinite-Rh(III) complex (1a, 25 mg, 0.036 mmol; 1b,
25 mg, 0.034 mmol; 1c, 25 mg, 0.034 mmol) 5 mL of CH2Cl2 was
added. After 3 days stirring, the orange solution formed was
concentrated under vacuum. Addition of 20 mL of Et2O gave a pale-
yellow precipitate that was extracted and dried under vacuum.
Yield of 2a 23 mg (86%). Yield of 2b 22 mg (85%). Yield of 2c
20 mg (77%).
2a: 1H NMR (400 MHz, CD2Cl2): δ 9.30–6.47 (28 Haromatics).
31P{1H} NMR
(162 MHz, CD2Cl2): δ 73.5 (dd, JRh-P=118 Hz, JP-P=23 Hz), 69.0 (dd,
JRh-P=111 Hz, JP-P=23 Hz).
13C{1H} NMR (101 MHz, CD2Cl2): δ 155.0–
122.9 (34 Caromatics). Microanalysis (RhC34H29N2P2O2Cl2): Required: C
55.68, H 3.99, N 3.82. Obtained: C 55.32, H 3.85, N 3.86. ESI-MS
(CH3CN): calc. for [RhCl(PPh2OH)(PPh2O)(2,2’-bipy)]
+, [M  Cl]+ :
697.04. Found: 697.05. IR (KBr, cm  1): 1097 (s), ν(P  O)/ν(P=O).
2b: 1H NMR (400 MHz, CDCl3): δ 9.19–6.24 (26 Haromatics), 2.54 (s, 3H,
CH3 bipy), 2.29 (s, 3H, CH3 bipy).
31P{1H} NMR (162 MHz, CDCl3): δ
74.9 (dd, JRh-P=117 Hz, JP-P=23 Hz), 69.2 (dd, JRh-P=110 Hz, JP-P
23 Hz). 13C{1H} NMR (101 MHz, CD2Cl2): δ 154.4-123.7 (34 Caromatics),
22.0 (s, CH3 bipy), 21.3 (s, CH3 bipy). Microanalysis
(RhC36H33N2P2O2Cl2): Requires: C 56.79, H 4.37 N 3.68. Obtained: C
56.19, H 4.23, N 3.88. IR (KBr, cm  1): 1097 (s), ν(P  O)/ν(P=O).
2c: 1H NMR (400 MHz, CD2Cl2): δ 8.82-6.84 (26 Haromatics), 2.36 (s, 3H,
CH3 bipy), 1.42 (s, 3H, CH3 bipy).
31P{1H} NMR (162 MHz, CD2Cl2): δ
71.9 (dd, JRh-P=117 Hz, JP-P=23 Hz), 68.4 (dd, JRh-P=110 Hz, JP-P=
23 Hz). Microanalysis (RhC36H33N2P2O2Cl2 · 0.5CH2Cl2): Requires: C
54.53, H 4.26, N 3.48. Found: C 54.48, H 4.21, N 3.01. ESI-MS (CH3CN):
calc. for [RhCl(PPh2OH)(PPh2O)(5,5’-Me2-2,2’-bipy)]
+, [M  Cl]+ :
725.97. Found: 725.10. IR (KBr, cm  1): 1096 (s), ν(P  O)/ν(P=O).
Preparation of complexes 2g and 2h. To a Schlenk charged with
the hydrido-phosphinite-Rh(III) complex (1g, 30 mg, 0.040 mmol;
1h, 30 mg, 0.034 mmol) 5 mL of CHCl3 was added. After 7 days
stirring, a pale-yellow solid is formed, which was dried under
vacuum. Yield of 2g 28 mg (89%). Yield of 2h 25 mg (81%).
2g: 1H NMR (400 MHz, CD2Cl2): δ 9.53-6.52 (26 Haromatics), 2.79 (s, 3H,
CH3 phen), 2.68 (s, 3H, CH3 phen).
31P{1H} NMR (162 MHz, CD2Cl2): δ
74.0 (dd, JRh-P=117 Hz, JP-P=23 Hz), 69.2 (dd, JRh-P=109 Hz, JP-P=
23 Hz). 13C{1H} NMR (101 MHz, CD2Cl2): δ 153.7-124.4 (36 Caromatics),
15.7 (s, CH3 phen), 15.6 (s, CH3 phen). Microanalysis
(RhC38H33N2P2O2Cl2 · 0.25CHCl3): Requires: C 56.34, H 4.11, N 3.44.
Obtained: C 55.81, H 3.90, N 3.61. ESI-MS (CH3CN): calc. for [RhCl
(PPh2OH)(PPh2O)(5,6-Me2-1,10-phen)]
+, [M  Cl]+ : 749.99. Found:
749.99. IR (KBr, cm  1): 1095 (s), ν(P  O)/ν(P=O).
2h: 1H NMR (400 MHz, CD2Cl2): δ 9.80 (t, JH-H=5 Hz, CH=N), 7.97 (d,
JH-H=5 Hz, CH=N), 8.58–6.54 (34 Haromatics).
31P{1H} NMR (162 MHz,
CD2Cl2): δ 74.9 (dd, JRh-P=117 Hz, JP-P=23 Hz), 69.4 (dd, JRh-P=
109 Hz, JP-P=23 Hz).
13C{1H} NMR (101 MHz, CD2Cl2): δ 154.4-125.4
(48 Caromatics). Microanalysis (RhC48H37N2P2O2Cl2): Requires: C 63.38, H
4.10, N 3.08. Obtained: C 62.94, H 4.29, N 3.19. ESI-MS (CH3CN): calc.
for [RhCl(PPh2OH)(PPh2O)(4,7-Ph2-1,10-phen)]
+, [M  Cl]+ : 873.14.
Found: 873.11. IR (KBr, cm  1): 1096 (s), ν(P  O)/ν(P=O).
Preparation of complexes 3a and 3e. To a Schlenk charged with 1a
(40 mg, 0.057 mmol) or 1e (30 mg, 0.040 mmol) and 3 mL of THF or
CH2Cl2, an excess of BF3 ·OEt2 (18 μL, 0.143 mmol or 15 μL,
0.119 mmol) was added. After 16 hours stirring, a new white solid is
formed. This new white solid is extracted and dried under vacuum.
Yield of 3a 42 mg (98%) or 3 e 27 mg (85%).
3a: 1H NMR (400 MHz, DMSO-d6): δ 9.07-6.31 (28 Haromatics),   13.58
(dt, JP-H=33 Hz, JRh-H= JP-H=16 Hz, 1H, Rh  H).
31P{1H} NMR
(162 MHz, DMSO-d6): δ 109.0 (dd, JRh-P=139 Hz, JP-P 32 Hz), 98.3 (dd,
JRh-P=126 Hz, JP-P=32 Hz).
11B NMR (128 MHz, DMSO-d6): δ 1.1 (s,
br). 19F NMR (376 MHz, DMSO-d6): δ   131.1 (d, JF-F=69 Hz),   133.9
(d, JF-F=70 Hz). Microanalysis (RhC34H29N2P2O2BF2Cl): Requires: C
54.69, H 3.91, N 3.75. Obtained: C 54.36, H 3.87, N 3.76. ESI-MS
(CH3CN): calc. for [Rh(bipy)(H)Na{(PPh2O)2BF2}]
+, [M  Cl]+ : 733.26.
Found: 733.06. IR (KBr, cm  1): 2104 (s), ν(Rh  H); 1103 (s) and 1052
(m), ν(B  F); 1011 (s), ν(P  O); 898 (m), ν(O  B-O).
3e: 1H NMR (400 MHz, DMSO-d6): δ 8.52-6.19 (26 Haromatics), 2.88 (s,
3H, CH3 phen), 2.53 (s, 3H, CH3 phen),   14.79 (dt, JP-H=39 Hz, JRh-H=
JP-H=17 Hz, 1H Rh  H).
31P{1H} NMR (162 MHz, DMSO-d6): δ 108.4
(dd, JRh-P=137 Hz, JP-P=36 Hz), 84.6 (dd, JRh-P=129 Hz, JP-P=35 Hz).
11B NMR (128 MHz, DMSO-d6): δ 0.97 (s, br).
19F NMR (376 MHz,
DMSO-d6): δ   132.0 (d, JF-F=71 Hz),   133.1 (d, JF-F=72 Hz). Micro-
analysis (RhC38H33N2P2O2ClBF2 · 0.5CH2Cl2): Requires: C 54.97, H 4.07,
N 3.33. Obtained: C 54.91, H 4.10, N 2.82. IR (KBr, cm  1): 2213 (s),
ν(Rh  H); 1101 (s) and 1061 (m), ν(B  F); 1012 (s), ν(P  O); 896 (m),
ν(O  B-O).
Preparation of complex 4. A solution of complex [RhCl(nbd)]2
(20 mg, 0.043 mmol) in 2 mL chloroform was cooled in an ice/salt
bath and a solution of PPh2(O)H (42 mg, 0.20 mmol) in 1 mL CHCl3
was added dropwise under stirring. Allowing the bath reaching
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room temperature and stirring for 16 hours afforded a yellow
precipitate that was filtered off, washed with diethyl ether and
dried under vacuum. Yield of 4 35 mg (64%).
4: 1H NMR (400 MHz, CD2Cl2): δ 8.14-6.94 (40 Haromatics), 3.71 (d, J=
6.0 Hz, 1 H), 2.02 (d, J=19.6 Hz, 2H), 1.50 (m, 2H), 1.38 (s, 1H), 1.15
(m, 2H), 0.89 (s, 1H). 31P{1H} NMR (162 MHz, CD2Cl2): δ 86.8 (dd, JRh-
P=151 Hz, JP-P=30 Hz), 86.7 (dd, JRh-P=152 Hz, JP-P=30 Hz), 82.7
(dd, JRh-P=161 Hz, JP-P=29 Hz), 82.6 (dd, JRh-P=161 Hz, JP-P=30 Hz).
Microanalysis (Rh2C62H60Cl2P4O4): Requires: C 58.65, H 4.76. Ob-
tained: C 58.54, H 4.81. ESI-MS (CH3CN): calc. for [Rh-
(Cl)(ntyl)(PPh2O)(PPh2O)]
+, [M/2-H]+ : 633.87. Found: 633.04. IR (KBr,
cm  1): 1097 (s), ν(P  O)/ν(P=O).
Preparation of complex 5. To a suspension of complex [Rh(μ-
Cl)(ntyl)(PPh2OH)(PPh2O)]2 (4) (20 mg, 0.016 mmol) in 3 mL chloro-
form BF3 ·OEt2 (4.9 μL, 0.039 mmol) was added. The resultant yellow
solution was stirred for 16 hours to afford a precipitate that was
filtered off, washed with diethyl ether and dried under vacuum.
Yield of 5 10 mg (47%).
5: 1H NMR (400 MHz, CD2Cl2): δ 8.14  6.94 (40 Haromatics), 4.01 (s, 1H),
1.98 (t, J=11.7 Hz, 2H), 1.67 (d, J=4.8 Hz, 2H), 1.57 (s, 1H), 1.50 (s,
1H), 1.38 (s, 1H), 1.17 (t, J=8.7 Hz, 1H). 31P{1H} NMR (162 MHz,
CD2Cl2): δ 99.2 (dd, JRh-P=157 Hz, JP-P=32 Hz), 98.7 (dd, JRh-P=
156 Hz, JP-P=33 Hz), 95.3 (dd, JRh-P=162 Hz, JP-P=33 Hz), 94.7 (dd,
JRh-P=160 Hz, JP-P=33 Hz).
13C{1H} NMR (101 MHz, CD2Cl2): δ
135.2  128.0 (48 Caromatics), 70.4 (d, JRh-C=28 Hz, 1 C), 41.3 (1 C), 34.7
(1 C), 33.1 (1 C), 21.5 (1 C), 17.9 (1 C), 17.1 (1 C). 11B NMR (128 MHz,
CD2Cl2): δ 1.0 (s, br).
19F NMR (376 MHz, CD2Cl2): δ   132.6 (d, JF-F=
74 Hz),   138.2 (d, JF-F=74 Hz). Microanalysis
(Rh2C62H58B2Cl2F4P4O4 · 0.5CHCl3): Requires: C 52.68, H 4.14. Obtained:
C 52.94, H 4.15. IR (KBr, cm  1): 1102 (s) and 1049 (m), ν(B  F); 1015
(s), ν(P  O); 876 (m), ν(O  B-O).
Preparation of complex 6. To a suspension of [Rh(acac)(nbd)]
(30 mg, 0.102 mmol) in 2 mL methanol, PPh2(O)H (41 mg,
0.204 mmol) was added to afford a solution. After 1 hour stirring a
yellow solid was formed that was filtered off, washed with diethyl
ether and dried under vacuum. Yield of 6 45 mg (63%).
6: 1H NMR (500 MHz, CD2Cl2): δ 8.20–7.13 (20 Haromatics), 5.71 (s, 1H,
HCacac), 3.31 (t, J=5.5 Hz, 1H), 2.16 (s, 6 H, CH3), 1.31 (s, 1H), 1.15 (m,
2H), 0.95 (t, J=5.2 Hz, 1H), 0.91 (t, J=5.2 Hz, 1H), 0.83 (d, J=9.6 Hz,
1H), 0.78 (d, J=5.1 Hz, 1H), 0.66 (d, J=10.4 Hz, 1H). 31P{1H} NMR
(202 MHz, CD2Cl2): δ 86.7 (dd, JRh-P=153 Hz, JP-P=47 Hz), 84.2 (dd,
JRh-P=154 Hz, JP-P=47 Hz).
13C{1H} NMR (126 MHz, CD2Cl2): δ 187.4
(O=Cacac), 132.0  127.9 (Caromatics), 100.2 (HCacac), 56.8 (dt, JRh-C=
31 Hz, JP-C=6 Hz, 1 C), 37.2 (1 C), 32.5 (1 C), 31.9 (1 C), 27.8 (2 CH3),
19.7 (1 C), 15.0 (1 C), 14.6 (1 C). Microanalysis (RhC36H37P2O4):
Requires: C 61.90, H 5.34, Obtained: C 62.07, H 4.99. ESI-MS (CH3OH):
calc. for [Rh(acac)(ntyl)(PPh2OH)(PPh2O)H]
+, [M+H]+ : 699.55.
Found: 699.13. IR (KBr, cm  1): 1577 (s) and 1516 (s), ν(C=O); 1098 (s),
ν(P  O)/ν(P=O).
Preparation of complex 7. To a suspension of complex [Rh-
(acac)(ntyl)(PPh2OH)(PPh2O)] (6) (35 mg, 0.05 mmol) in 3 mL meth-
anol BF3 ·OEt2 (15.5 μL, 0.125 mmol) was added. After 3 days stirring
the yellow solid was filtered off, washed with diethyl ether and
dried under vacuum. Yield of 7 26 mg (69%).
7: 1H NMR (400 MHz, CDCl3): δ 8.35–6.87 (20 Haromatics), 5.68 (s, 1H,
HCacac), 3.63 (t, J=5.5 Hz, 1H), 2.15 (s, 6 H, CH3), 1.43 (s, 1H), 1.23 (d,
J=9.8 Hz, 1H), 1.03 (s, 1H), 1.01 (s, 1H), 0.93 (s, 1H), 0.79 (d, J=9.6,
2H), 0.63 (d, J=10.3 Hz, 1H). 31P{1H} NMR (162 MHz, CDCl3): δ 98.5
(dd, JRh-P=156 Hz, JP-P=53 Hz), 96.9 (dd, JRh-P=158 Hz, JP-P=53 Hz).
13C{1H} NMR (101 MHz, CDCl3): δ 188.1 (O=Cacac), 138.4-126.1 (48
Caromatics), 101.5 (HCacac), 63.3 (d, JRh-C=31 Hz, 1 C), 38.2 (1 C), 33.2
(1 C), 32.7 (1 C), 28.7 (2 CH3) 20.3 (1 C), 16.9 (1 C), 15.8 (1 C).
11B NMR
(128 MHz, CDCl3): δ 1.3 (s, br).
19F NMR (376 MHz, CDCl3): δ   135.2
(d, JF-F=75 Hz),   137.8 (d, JF-F=76 Hz). Microanalysis
(RhC36H36BF2P2O4): Requires: C 57.94, H 4.86. Obtained: C 58.16, H
4.60. IR (KBr, cm  1): 1571 (s) and 1516 (s), ν(C=O);1104 (s) and 1049
(m), ν(B  F); 1010 (s), ν(P  O); 893 (m), ν(O  B-O).
General procedure for the reaction of phenylacetylene with
diphenylphosphine oxide. A Schlenk tube was charged with the
catalyst (1a, 1.54 mg, 0,0022 mmol; 1b, 1.60 mg, 0.0022 mmol; 1c,
1.60 mg, 0.0022 mmol; 1d, 1.60 mg, 0.0022 mmol, 1e, 1.65 mg,
0.0022 mmol, 1f, 1.99 mg, 0.0022 mmol, 1g, 1.65 mg, 0.0022 mmol,
1h, 1.92 mg, 0.0022 mmol; 2 a,1.63 mg, 0.0022 mmol; 3e, 1.72 mg,
0.0022 mmol; 4, 1.41 mg, 0.0011 mmol; 6, 1.55 mg, 0.0022 mmol),
phenylacetylene (8.4 μL, 0.074 mmol), diphenylphosphine oxide
(15 mg, 0.074 mmol) and 1 mL of toluene. The mixture was stirred
at 80 °C, after 120 minutes the solvent was dried under vacuum. 1H
NMR of the reaction crude was carried out in CDCl3 to calculate the
conversion. The conversion was determined using 1,2-dichloro-
ethane as internal standard.
X-ray crystallography. X-ray data collection of suitable single
crystals of compounds 1a, 1e, 2a, 2b, 3a, 5, 6 and 7 were done on
a SuperNova Single source at offset/far Eos diffractometer. The
crystal was kept at 100.00(10) K during data collection. Using
Olex2,[36] the structure was solved with the ShelXT[37] structure
solution program using Intrinsic Phasing and refined with the
ShelXL[38] refinement package using Least Squares minimisation.
Details of the structure determination and refinement of com-
pounds are summarized in Table S1 and Table S2. Crystallographic
data (excluding structure factors) for the structures reported in this
paper have been deposited with the Cambridge Crystallographic
Data Center as supplementary publication nos. CCDC 2026619–
2026623 and 2087788–2087790.
Supporting Information
(see footnote on the first page of this article): NMR, MS and IR
spectra of compounds, NMR spectra of catalytic experiments
and tables with crystallographic data and structure refinement
details. Deposition Numbers 2026619 (for 1e), 2026620 (for 1a),
2026621 (for 2b), 2026622 (for 3a), 2026623 (for 2a), 2087788
(for 5), 2087789 (for 6), and 2087790 (for 7) contain the
supplementary crystallographic data for this paper. These data
are provided free of charge by the joint Cambridge Crystallo-
graphic Data Centre and Fachinformationszentrum Karlsruhe
Access Structures service www.ccdc.cam.ac.uk/structures.
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